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Experimental Determination of Threshold Powers
for the Onset of HF-Enhanced Plasma Lines and

Artificial Ionization in the Lower
F-Region Ionosphere

Brenton J. Watkins , Member, IEEE, and Spencer P. Kuo , Fellow, IEEE

Abstract— HF heating experiment, with linear power ramp
from 50 to 92 dBW, was conducted to determine the HF
threshold power levels for the onset of detectable plasma waves
and the onset of artificial ionization inferred from HF-enhanced
plasma lines (HFPLs). The threshold free-space electric field at
200-km altitude, where HFPLs were detected, is about 53 mV/m.
However, the HF electric field near the reflection height is
enhanced by a swelling factor ∼ 3.76 and also conversion to a
linear dipole pump mode (

√
2); the actual threshold field is about

281 mV/m that is consistent with theory. Artificial ionization in
the lower region was detectable via UHF radar. Short wavelength
upper-hybrid waves, which were excited parametrically by the
HF heating wave at higher threshold, implement Doppler shifted
harmonic-cyclotron resonance interaction, via finite Larmour
radius effect, to effectively accelerate electrons. Monitoring the
spectral power of the parametric decay instability (PDI) line
in the HFPLs by radar was shown to determine the artificial
ionization onset time more precisely than that by observing
the start of a sharp downward trend in the altitude of the
HFPLs; at this time, the HF free-space electric field slightly
below 200-km altitude is about 550 mV/m. Langmuir cascade
lines in the HFPLs are separated by intervals about double the
ion-acoustic frequency (about 4–5 kHz) generated by the PDI.
These lines, observed at lower power facilities, were not observed.
The upper-hybrid OTSI and PDI excited at HighPower Active
Auroral Research Program (HAARP) and the mode competition
nonlinear-damping mechanism are suggested as the processes,
suppressing cascade enhanced HFPLs.

Index Terms— Artificial ionization, HighPower Active Auroral
Research Program (HAARP), parametric decay instability (PDI),
plasma line, upper-hybrid wave.

I. INTRODUCTION

THE HighPower Active Auroral Research Program
(HAARP) ionospheric modification facility at Gakona,

Alaska was operated with a scheme to slowly increase the
HF transmitted power from a very low level to full power
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with the objective to investigate the onset threshold fields for
parametric instability and artificial ionization in the F-region
of the ionosphere. A UHF diagnostic radar [1] operating
at 446 MHz was used to scatter from HF-enhanced plasma
waves, and to infer the production of artificial ionization.

The HAARP facility uses a phased-array antenna composed
of crossed dipoles in a 12 × 15 array. The maximum power
radiated is about 3.2–3.6 MW, depending on the particular HF
frequency used, that covers a range of 2.8–9 MHz.

The UHF diagnostic radar operates with a relatively low
peak pulse power (about 250 kW) and is not able to detect
scatter from naturally occurring thermal fluctuations usually
termed “incoherent-scatter.” In contrast, radar signals scattered
from plasma waves enhanced by high-power HF waves from
HAARP are quite strong, typically 3 dB or more above the
radar receiver noise level with integration times about 0.5 s.
An example of HF-enhanced ion-acoustic waves is shown by
Oyama et al. [1] with low HF power before the HAARP
facility was completed. Many similar radar observations made
at Arecibo, EISCAT, and so on [2], [3] have also detected
HF-enhanced ion-acoustic and Langmuir waves, demonstrat-
ing the role of the parametric decay instability (PDI) during HF
ionospheric modification experiments. The completed HAARP
system provides considerably greater maximum power com-
pared with other facilities and a new phenomenon associated
with artificial ionization was observed. The plasma response at
the HAARP facility differs from observations at other facilities
that operate at substantially lower power and this will be
discussed in Section II.

In the present work, experiments were performed to study
HF-enhanced ion-acoustic and Langmuir waves, and effects
such as artificial optical emissions and ionization, insti-
gated by the high-power HF waves transmitted from the
HAARP ionospheric modification facility. A linear increase
in transmitting HF wave with the effective isotropic radi-
ated power (EIRP) varied from 50 to 92 dBW (100 kW to
1.6 GW) was used. Initially, at the beginning of the HF heater
turn-on at low power levels, only four dipole antennas were
utilized and as the transmitted power slowly increased, other
transmitting dipoles were successively added to accomplish
the linear power ramp. The HAARP antenna that transmit-
ted the HF wave, and also the UHF diagnostic radar, was
phased to orient the antenna beams along the magnetic zenith
(AZ = 202, EL = 76).

0093-3813 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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This linear power ramp approach enables determination
of the transmitted power levels for the onset of detectable
plasma waves and the onset of artificial ionization [4], [5],
inferred from the intensity variation and altitude shift of the HF
enhanced plasma lines (HFPLs). The results can then be used
to calculate the power densities and electric fields at 200-km
altitude, near the altitude of the observed plasma waves,
to justify the theoretical threshold field of the Langmuir PDI
(L-PDI) [6], [7] and to provide essential data as the reference
for the theoretical study of artificial ionization process [8].

In Section II, the experiment and procedure are described;
the experimental results are also presented and discussed.
Summary of the work in comparison with the theory is given
in Section III.

II. EXPERIMENT PROCEDURE AND RESULTS

The HAARP HF transmitter was operated for a 120-s
period; it radiated in the magnetic zenith direction and the
EIRP increased linearly from 50 to 92 dBW. The frequency f0

used was 5.760 MHz near the fourth electron gyro-harmonic
frequency at about 200-km altitude where the HFPLs were
observed with the diagnostic radar. A specific time during
the HF power ramp is associated with an EIRP (in units of
dBW) that can be converted to a free-space HF electric field
at the altitude of interest. The EIRP value is obtained from
engineering measurements of the total power radiated and
the antenna gain. The procedure for calculating the electric
field generated by the HAARP HF wave is as follows. The
EIRP value provides an equivalent isotropic power flux per
square meter (W/m2) that is radiated. This intensity varies
with height with an inverse distance squared dependence; thus,
the intensity may then be calculated for our height of interest
(200 km). The total wave energy density is distributed between
electric and magnetic fields and we then calculate the portion
attributed to the electric field. This procedure has been outlined
in many texts, for example, Davies [17]. The method was
used for determining the threshold electric fields for both the
initial observable occurrence of the L-PDI and the occurrence
of artificial ionization.

The experiment procedure during the power ramp period
was, therefore, to identify the specific times for the initial
observable onset of plasma waves and the onset of artificial
ionization, then the electric fields at those specific times were
calculated and compared with theory.

Radar detection of plasma waves is limited to waves
with near-field-aligned propagation, and other wave processes
near-perpendicular to the earth’s magnetic field are not
detectable with colocated diagnostic radars. The UHF diag-
nostic radar was operated with a pulselength of 996 μs, and a
pulse repetition rate of 100 Hz, thereby maintaining the aver-
age power and duty cycle just below maximum allowed values.
The pulse was phase-modulated with a 249-bit binary code
with 4-μs bauds, yielding 600-m range resolution after decod-
ing. Complex voltage samples at all ranges were acquired
and stored for every radar pulse and no on-line integration
was performed. We have, therefore, been able to subsequently
process data with varying integration times to suit particular

Fig. 1. Time dependence of the power of the down-going PDI line in the
HFPLs. Three specific times are marked, (A) corresponds to the onset of
detectable Langmuir waves associated with the PDI, (B) marks the end of the
power increase, and (C) denotes the onset of artificial ionization.

experiments and data processing needs. We show results from
power spectra derived for selected 600-m range intervals near
the interaction altitude (about 200 km) of the high-power HF
wave.

The UHF radar has only one receiving frequency channel
and was set to continuously monitor the “up-shifted” plasma
lines, i.e., plasma lines above the 446-MHz radar frequency.
The receiver spectral bandwidth was 250 kHz that is offset in
the frequency domain relative to the UHF transmit frequency
where spectral analysis was performed to receive plasma-line
signals from 5.730 to 5.770 MHz above 446-MHz radar
frequency. The PDI line in the HFPLs is observable at about
5.755 MHz that is downshifted from 5.760 MHz (HAARP
HF frequency) by the ion-acoustic frequency appropriate for
the 446-MHz radar wavelength. The HFPLs that typically
appear over two or sometimes three ranges (about 1.2–1.8 km)
result from the parametric decay of the HF pump wave into a
Langmuir sideband and ion-acoustic decay mode. During the
120-s duration of the HF power ramp, the total spectral power
of this PDI line only with 300 pulse (3 s) moving average is
plotted in Fig. 1, showing the relative spectral power variation
during the HF power ramp period. Although the duration of
the power ramp was 120 s (23:33:00–23:35:00 UT), for clarity,
Fig. 1 shows only 80 s of data beginning at 23:33:40 UT
because prior to this time, there were no detectable signals
and this 80-s period includes the onset of detectable signals
and also the onset of artificial ionization.

Ionograms acquired during the experiment period indicate
that the ionosphere was stable with foF2 value about 7.5 MHz
and peak F-region height about 240 km. The ionosonde
data also indicate very minimal ionospheric absorption at HF
frequencies because there was a persistent double-hop in the
ionogram traces, i.e., the reflected wave propagates upward
again after reflection from the ground.

Fig. 1 shows total power for the down-going PDI line
in the HFPLs as a function of time (it excludes power
in other HFPLs). This signal results from the L-PDI
that occurs immediately below the HF reflection height
(at fpe = f0 = 5.760 MHz).

Relevant times (A), (B), and (C) are marked in Figs. 1 and 2.
Fig. 2 shows the total relative power received by the diagnostic
radar as function of time and range. The time marked (A)
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Fig. 2. Total down-going HFPL power as function of time. The times labeled
(A), (B), and (C) correspond to the times in Fig. 1. The color scale is relative
power in dB units. The decrease in altitude of the HFPLs after time (C) is
interpreted to be the onset of artificial ionization.

corresponds to the time for the first detectable HFPL signals.
The time (B) is the time of peak power in the HFPLs. The
time marked (C) denotes the onset of artificial ionization when
the height of the HFPLs (evident from Fig. 2) begins to drop.

The specific times for the onset of the L-PDI (time A
in Fig. 1) and the onset of artificial ionization (time C
in Fig. 1) are important because any errors will be reflected in
the calculated electric field values. The 120-s linear power
ramp (50–92 dBW) started to 23.33:00 UT. The EIRP in
units of dBW at a given time was then calculated from
EIRP = [(92 − 50)/120]t+ 50, where t is units of seconds
from 23:30:00 UT. For reasons of clarity, Fig. 1 shows only
the final 80 s of the 120-s power ramp because no signals
were seen before 2333:45 UT that is marked time A in Fig. 1.
To optimally establish this time, individual power spectra
versus height, such as those shown in Fig. 4, were manually
examined near this onset time. The diagnostic radar data were
processed with 50 pulse averages, i.e., 500-ms time resolution.
Next, the relative power from four range gates that encom-
passed the PDI line were manually summed. This was repeated
for several 500-ms periods around the time A marked in Fig. 1.
A very clear start time was established to be 2333:45 UT, i.e.,
t = 45.0 s in the above equation to determine the EIRP =
65.75 dBW with a subsequent calculation of 53 mV/m at
200-km height. Any possible uncertainty in selection of this
time would not exceed 500 ms that translates to about 1 mV/m.
The same procedure discussed later was used to determine the
onset time for artificial ionization.

As the HF heating power exceeds the level at time (B),
the overall spectral power of the down-going PDI line in the
HFPLs starts to drop; but it is also evident that there are
numerous variations in magnitude as the HF heating power
is increased. We interpret the decreasing trend together with
peaks in the variations of the spectral intensity to be associated
with the nonlinear processes (such as mode competition and
self-induced background plasma modification) as well as the
numerous onsets of various parametric processes that occur
in regions below the observation height for the HFPL signals.
The nonlinear suppression of mode competition on the growth
of each spectral line increases with the total spectral intensity

of the excited Langmuir waves, whose linear growth rates
increase and angular distribution broadens with the increase
of the HF heating power; consequently, the saturation level of
the spectral intensity of the down-going HFPL decreases after
the HF heating power exceeds the level at time (B). At the
onset of a particular parametric instability at a lower height,
a larger fraction of the HF power is absorbed and therefore not
available for the excitation of the PDI-line signals at the upper
height, causing a variation of the nonlinear suppression on
the down-going HFPL. From the linear relation of transmitted
HF power with time, we may use the time (A) to get the
associated HF transmitted power at that time. This power
value may then be used to compute the free-space electric
field at the range (∼200-km altitude) of interest in units
of mV/m for the circularly polarized transmitted HF wave.
For this particular time, a value of 53 mV/m was obtained.
In the lower ionosphere the “O-Mode”, HF wave remains to
be right-hand-circular polarization (with respect to B); but it
converts to a linear polarization in the region a few km below
the HF reflection height, because the radar signals originate
from the Langmuir PDI that occurs below, and very close
to the HF reflection height, where the HF wave is, in fact,
linearly polarized with electric field parallel to the earth’s
magnetic field (B). Therefore, the free-space circular polarized
electric field is enhanced by

√
2 to give the linear-polarized

HF dipole pump field of 75 mV/m. In addition, the field
intensity is enhanced by the “swelling” effect. As the HF
wave approaches the reflection height, the wave field intensity
increases to response to the decrease of the wave group
velocity. For vertically incident HF heater, the magnitude of
this swelling effect together with the cutoff reflection factor
(∼2) has been estimated to be about a factor of 4 [9], which
though decreases with the increase of the oblique incident
angle. At 14

◦
incident angle, the swelling factor is reduced

to 4 × sin276
◦ ∼ 3.76. With these two factors (3.76 and

√
2),

the experimentally determined threshold field is 281 mV/m.
By comparison, the independent theoretical determination by
Kuo [10] is 258 mV/m. We consider this to be a very good
agreement; a small unknown value of ionospheric absorption
would possibly suggest an even more favorable comparison.

It is significant that the experimental results for the L-PDI
at HAARP differ from other lower power facilities. Typical
results for lower power facilities show the L-PDI decay of
the HF wave to an ion-acoustic wave and Langmuir wave [2].
The Langmuir wave from the L-PDI typically has sufficient
power to decay into Langmuir and ion-acoustic waves via the
“electron decay instability.” This additional Langmuir wave
then successively decays in a series of new Langmuir waves
termed the “Langmuir cascade.” This Langmuir cascade was
also observed at HAARP during the construction phase when
only a quarter of the array was operational and was reported
by Oyama et al. [1] where up to five or six cascade steps were
commonly observed. In contrast, after HAARP was completed
with full power, the Langmuir cascade was still often observed
but limited to one or possibly two cascade steps. This suggests
that the power of the Langmuir wave generated by the L-PDI
is weaker for HAARP when operating at full power and this
is also evident from data in Fig. 1 that show power in the PDI
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Fig. 3. Doppler power spectra obtained at 2334:00 UT, corresponding to the
time marked (B) in Figs. 1 and 2. Vertical range steps are 600 m. The relative
power scale was chosen to illustrate the multitude of down-shifted features of
the radar signal origin. The HF frequency f0 = 5.760 MHz is marked as the
solid vertical line. The vertical-dashed line near the 5.755 MHz corresponds
to the strong PDI line with power that exceeds 10 dB. This is displaced from
the HF frequency by about 4.5 kHz (ion-acoustic frequency fi ). The other
dashed line located 9 kHz to the left is shifted by 3 fi from f0 and is the
expected excitation location of the first cascade line.

line (relative power of the Langmuir wave that results from
the L-PDI) drops when other processes at lower heights take
place. Furthermore, in Fig. 4, it is evident that during artificial
ionization, the Langmuir cascade is completely absent. The
L-PDI operates just below the HF cutoff height and is associ-
ated with O-mode linear polarization. The HAARP facility
has sufficient power to exceed the threshold for numerous
other parametric processes and creation of artificial ionization
that occur at lower heights where the HF O-mode wave is
circularly polarized and not evolved to linear polarization at
upper heights; it effectively extracts power from the HF wave
before it reaches the height where the L-PDI operates. As a
result, there is minimal HF power available at the upper height
just below the HF cutoff frequency where the L-PDI operates.
In addition, as discussed earlier, we also suggest that nonlinear
suppression of mode competition [15] which increases with the
higher HF power is also a factor.

It is of interest to note that Bryers et al. [11] used a different
approach with the EISCAT facility to estimate the threshold
field for the L-PDI from ion-line signals and stepped the HF
power over five values. They estimated the threshold field to
be about 0.25 V/m that is close to the value determined for
HAARP.

Fig. 3 shows the HFPLs power spectra as a function
of height at time (B) when the spectral intensity of the
down-going PDI-line peaks. It is of interest to note that
many down-shifted signals appear at this time and are rapidly
varying in frequency and power. These likely result from
the startup of various unknown parametric processes. It is
also notable that there is no clear evidence of the cascade
lines in the HFPLs that are observable at other low-power
facilities. The dashed line drawn near 5.746 may possibly
indicate evidence for the first cascade line of the up-going
PDI line; it occurs about 1 km above the PDI-line height.
However, it is very transient in nature.

Returning to Fig. 2, the time (C) marks the approximate time
when the height of the radar signals begins to drop due to the

start of artificial ionization. From this figure, the exact time
for the onset of this process is unclear and we have, therefore,
developed an alternative method using the PDI-line power
that clearly determines the onset time with less than 500-ms
uncertainty. Referring to Fig. 1, the time (C) that corresponds
to a peak in the PDI-line power occurs when the height of the
radar returns in Fig. 2 starts to drop. We, therefore, identify this
peak to be the onset time of the parametric process responsible
for artificial ionization. The PDI-line relative power drops after
this time because available power is diverted to the ionization
production process and less power available at upper levels
where the PDI line is observed.

Individual power spectra were manually examined in a
similar manner to that described previously for determining
time A. The peak in the relative power of the PDI line at time C
marked in Fig. 1 was determined to be 2334:43.0 UT, i.e., t =
103.0 s used to calculate the EIRP to be 86.05 dBW (EIRP ∼
403 MW). The corresponding electric field value at 200-km
height is 550 mV/m. The spectral analysis was conducted with
500ms integration periods and used to determine time of the
peak returned PDI signal power. This time was unambiguous
and corresponded to only one integration period. Since each
time step of 500ms corresponds to about 10mV/m of computed
freespace electric field, we therefore suggest any uncertainly in
selecting this time introduces a maximum uncertainly of about
10mV/m for the computed field value. This is the free-space
field for the right-hand circular polarized wave that occurs near
the upper-hybrid resonance height. Unlike the PDI discussed
earlier, there is no “swelling” effect. The condition for the
plasma frequency ωp at the matching height for minimum
threshold E-field for this upper-hybrid PDI process [10], [12]
is ωp = (ω2

o − �2
e – 3k2v2

te) < (ω2
o − �2

e)
1/2 where ωo is

the HF heater frequency, �e is the electron gyro-frequency,
and vte is the electron thermal speed. Since (ω2

o − �2
e)

1/2 is
the plasma frequency of the upper-hybrid resonance layer,
this implies that the minimum threshold field occurs below
the height of the upper-hybrid resonance. The EIRP of about
403 MW is significantly less than the maximum full power
value of 1.6 GW that is available for the HF frequency used
in this experiment. This is consistent with other experiments at
HAARP where artificial ionization was observed with radiated
powers 25%–50% of the full power value.

It is notable that the PDI-line frequency that is down-
shifted about 4.5 kHz from the HF value remains close to this
value during HF power increase with very small variations.
This down-shifted frequency is temperature-dependent and
proportional to the ion-acoustic speed Cs = [(Te +3Ti)/mi ]1/2.
No significant increases of the down-shifted value of the PDI
line were observed as the HF power was increased. It is
noted that HF heating mainly acts on the electron plasma;
on the other hand, the ion-acoustic speed is more sensitive
to the ion temperature change, for example, for Ti = 2/3Te0,
100% electron temperature elevation, i.e., Te = 2Te0, only
increases ion acoustic frequency by about 15%. Moreover,
the field-aligned thermal conduction acts to suppress local
electron heating near the HFPLs height because heat is
rapidly conducted to the upper ionosphere. This is consistent

Authorized licensed use limited to: University of Alaska Fairbanks. Downloaded on September 13,2020 at 23:37:00 UTC from IEEE Xplore.  Restrictions apply. 



WATKINS AND KUO: EXPERIMENTAL DETERMINATION OF THRESHOLD POWERS FOR THE ONSET OF HFPLs 2975

Fig. 4. Power spectra at a time during the period of artificial ionization
production. The strongest signals at 5.755 MHz are the PDI line measured
with the UHF diagnostic radar. The HF frequency transmitted by HAARP
was 5.760 MHz.

with other observations. For example, Rietveld et al. [13] at
the EISCAT facility found significant Te increases at upper
F-region heights from 300 to 600 km (the highest level
measured) and upward ion-flow. Furthermore, Fallen et al. [14]
found experimental evidence from in situ observations at
900 km above HAARP for field-aligned upward plasma fluxes
that are likely temperature-driven enhanced ambipolar flow.

Fig. 4 shows the power spectra at 23:34:53 UT during the
production of artificial ionization; at this time, the height of
the PDI-line signals is descending. As ionization is produced,
the increasing density causes the HF interaction to occur at
successively lower heights. In addition to the PDI-line signals
at 5.755 MHz there is evidence of very weak down-shifted
signals to 5.730 MHz, the origin of these is likely the linear
mode conversion of the down-going upper-hybrid waves which
are excited by the upper-hybrid PDI with the lower-hybrid
decay mode. The power in the PDI line is quite weak compared
with earlier times with lower HF radiated power and there is
no evidence of a Langmuir cascade spectrum in the HFPLs,
presumably mainly due to the nonlinear suppression of mode
competition [15] which increases with the increase of the HF
power.

III. SUMMARY

An experiment at HAARP was conducted at the HF fre-
quency of 5.760 MHz where the HF heating power in EIRP
was increased from 100 kW to 1.6 GW over a 2-min period.
The HF frequency was initially about 2–5 kHz above the
computed fourth electron gyro-harmonic frequency. A UHF
diagnostic radar was used to determine the onset time of
the HFPLs and, hence, EIRP at this initial onset time. The
HFPLs and other Langmuir waves corresponding to the Lang-
muir PDI, which decays the high-power HF pump wave to
Langmuir sidebands and ion-acoustic decay modes, are excited
below and close to the HF reflection height. The EIRP (about
3.8 MW) of the HF heater, which radiated at RH circular
polarization along the magnetic zenith, was then used to
calculate the free-space circular-polarized electric field at the
range of interest and found to be 53 mV/m. After accounting
for the linear dipole pump conversion (

√
2), and swelling

effect (about a factor of 3.76) close to the HF reflection height
where the PDI process occurs, we obtain a value of 281 mV/m
that is in very good agreement with an independent estimate

of 258 mV/m from theory. A small unknown absorption of
the HF wave in the lower ionosphere would possibly bring
the experiment and theory values even closer.

Subsequently, due to ionization production, the HF inter-
action height dropped by about 10 km when the HF heater
was turned off and at that end time, the HF frequency was
about 10 kHz below the local gyro-harmonic value. Similar
to many other examples, further ionization production down
to about 150-km height would have occurred if the HF power
had remained on for a longer time.

The onset of artificial ionization may be recognized from the
downward progression of the Langmuir sidebands observed by
the diagnostic radar; however, there is considerable uncertainty
in determining the onset time from the power-time-height data.
We have developed an alternative approach that establishes the
onset time for ionization production with about 1-s uncertainty.
This is done through spectral analysis and monitoring the
spectral power in the PDI line only.

The peak in the PDI-line power evolution (near the starting
time of the downward trend of the total scattered power)
is used as the indicator to identify the spectral onset time.
The HF EIRP at this time is then adopted to calculate the
HF electric field in the upper-hybrid resonance region, where
the HF heater remains to be RH-circular polarization. With
EIRP = 403 MW, the free-space HF field is obtained to be
about 550 mV/m.

For HAARP, the threshold field of the upper-hybrid PDI,
presented in [10, Eq. (7.31)] with the adjustment on the
HF frequency from 5 to 5.76 MHz (see 7.27), is given
to be Eth ∼ 0.54ξ1/2λ2{1 + 0.87 × 105[ξ /(ξ−1)1/2]λ3

exp[−43.56λ2ξ /(ξ−1)]}1/2.
The lower-hybrid resonance frequency is fLH ∼

( fce fci)
1/2 ∼ 8.16 kHz. The down-shifted signals of 5.73 MHz

in Fig. 4 suggest that lower-hybrid decay mode in the
upper-hybrid PDI has a frequency fL ∼ 30 kHz = fLHξ1/2,
where ξ =1+(mi /me)(k2

z /k2
⊥)kz and k⊥ are the parallel and

perpendicular (to the geomagnetic field) components of
the lower-hybrid wave vector. Therefore, Eth = 550 mV/m
corresponds to λ ∼ 0.53 m, which is indeed in the wavelength
regime of large growth rate. Short wavelength upper-hybrid
waves implement Doppler shifted harmonic-cyclotron
resonance interaction, via finite Larmour radius effect,
to effectively accelerate electrons [16]. Artificial ionization by
the accelerated electrons in the lower region was detectable
via UHF radar.

These results apply to the particular case where the initial
HF frequency was selected for the reflection height close
to the fourth electron gyro-harmonic. Operating with an HF
interaction height significantly above or below this level may
yield different results.
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